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Abstract
A series of Direct Numerical Simulations (DNS) of lean methane/air flames was conducted in order to investigate
the enhancement of the turbulent flame speed and modifications to the reaction layer structure associated with the
systematic increase of the integral scale of turbulence l while the Karlovitz number and the Kolmogorov scale are
kept constant. Four turbulent slot jet flames are simulated at increasing Reynolds number and up to Re ≈ 22000,
defined based on the bulk velocity, slot width, and the reactants’ properties. The turbulent flame speed S T is evaluated
locally at select streamwise locations and it is observed to increase both in the streamwise direction for each flame and
across flames for increasing Reynolds number, in line with a corresponding increase of the turbulent integral scale. In
particular, the turbulent flame speed S T increases exponentially with the integral scale for l up to about 6 laminar flame
thicknesses, while the scaling becomes a power-law for larger values of l. These trends cannot be ascribed completely
to the increase in the flame surface, since the turbulent flame speed looses its proportionality to the flame area as the
integral scale increases; in particular, it is found that the ratio of turbulent flame speed to area attains a power-law
scaling l0.2. This is caused by an overall broadening of the reaction layer for increasing integral scale, which is not
associated with a corresponding decrease of the reaction rate, causing a net enhancement of the overall burning rate.
This observation is significant since it suggests that a continuous increase in the size of the largest scales of turbulence
might be responsible for progressively stronger modifications of the flame’s inner layers even if the smallest scales,
i.e., the Karlovitz number, are kept constant.
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1. Introduction
The propagation of premixed flames subject to the
stirring and straining of a turbulent velocity field is
known to be affected by two fundamental mecha-
nisms [1–4]. Turbulence causes an increase of the area
of the flame surface, contributing to an enhancement
of the overall burning rate. In addition, turbulence can
change the flame structure by perturbing the balance be-
tween reaction and diffusion, modifying the local burn-
ing rate, sometimes to the point of inducing local ex-
tinction, and variation of the diffusive fluxes, which are
associated with perturbations to the local thickness of
the different layers of the flame structure. A commonly
accepted hypothesis is that the perturbation of the inner
layer of the flame depends only on the Karlovitz num-
ber Ka, which parametrizes the ratio between the flame
thickness δL and the size of the smallest turbulent scales
η, while variations of Reynolds number Re and turbu-
lence integral scale l do not play a role if the Karlovitz
number is kept constant [1].
In this work, we analyze the turbulent flame speed
and the modifications of the inner reaction layer in a se-
ries of four jet flames characterized by nearly constant
Karlovitz number and turbulent intensity (velocity root
mean square) u′, while the Reynolds number and turbu-
lence integral scale vary significantly across the flame
series. In particular, a ratio of integral scale to lami-
nar flame thermal thickness of ≈ 20 was achieved at the
largest jet Reynolds number of 22400. A previous anal-
ysis of the same Direct Numerical Simulation (DNS)
dataset [5] focused on the growth rates of the area of
the flame surface and demonstrated the scaling of flame
stretch, and its components, with the Kolmogorov scale.
In addition to the relative scarcity of studies that
isolated the effects of the integral scale on the turbu-
lent flame speed and flame structure [6], this analy-
sis is motivated by the recent effort of Skiba et al. [7]
and Driscoll et al. [4] who demonstrated a transition
from a flamelet regime towards a behavior characterized
by thicker preheat layers for integral scales of increas-
ing size at constant u’, i.e., moving horizontally in the
Borghi-Peters diagram of turbulent premixed combus-
tion [1].
Starting from these observations, we investigate
whether an increase in the size of the largest turbulent
scale (a Reynolds number increase) promotes a modifi-
cation to the structure of the flame, in terms of modi-
fication of the local burning rate and inner layer thick-
ness, for a fixed size of the smallest scale relative to the
laminar flame thickness (constant Karlovitz number). In
addition, the spatial inhomogeneity and streamwise evo-
R1 R2 R3 R4
H (mm) 0.6 1.2 2.4 4.8
Re 2800 5600 11200 22400
u′ (m/s) 14.3 10.1 9.9 11.7
l (mm) 0.54 0.54 0.67 1.1
η (µm) 18 23 25 25
u′/S L 14.2 10.0 9.8 11.6
l/δL 4.8 4.8 5.9 9.5
Ka 39 23 21 21
Reλ 49 39 40 50
Nx 720 1440 2880 5760
Ny 480 960 1920 3840
Nz 256 256 512 1024
Table 1: Simulations parameters, evaluated at the crosswise location
where 〈 c 〉 = c0 = 0.73 and streamwise location x/lF = 0.6.
lution of the turbulent flame speed and flame thickening
is assessed.
2. Configuration, numerical methods, and overview
of the flames
A slot turbulent premixed jet flame with equivalence
ratio Φ = 0.7, temperature 800 K and pressure of 4 atm,
surrounded by a coflow of burnt gases, is considered. A
summary of all relevant flow parameters is provided in
Tab. 1. The database is described in details in Ref. [5];
therefore, only a breif summary is provided here. Based
on one-dimensional simulations of a freely propagating
flame, the laminar flame speed is S L = 1 m s−1 and the
thermal thickness is δL = 110 µm.
The bulk velocity of the jet is U = 100 m s−1 and the
coflow has a uniform velocity of 15 m s−1. Depending
on case, the Reynolds number Re = UH/ν varies from
2800 to 22400 as the slot’s width H increases from 0.6
to 4.8 mm (ν is the kinematic viscosity of the reactants).
The flame configurations were selected in order to
vary the Reynolds number, while keeping the Karlovitz
number Ka = τL/τη approximately constant. Because
the turbulence intensity is a fraction of the bulk velocity
with only a minor dependence on the Reynolds number,
this scaling approach results in a nearly constant value
of u′/S L with increasing l/δL as the integral scale l in-
creases with the size of the jet width H.
The size of the computational domain is 24H in the
streamwise (x), 16H in the crosswise (y), and 4.3H in
the spanwise (z) direction (8.5H for R1). The domain is
periodic in z, open boundary conditions are prescribed
at the outlet in x and no-slip conditions are imposed at
the boundaries in y. The inlet conditions for the veloc-
ity field are obtained from four auxiliary simulations of
fully developed turbulent channel flow.
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Figure 1: (a) Visualization of the temperature field in a two-dimensional cut for the flame with the highest Reynnolds number (R4). The temper-
atures range from 800 K in the center of the jet to 2218 K in the coflow. (b) Isosurface of the instantaneous progress variable c = 0.73 (red solid
line) and three isosurface (〈 c 〉 = 0.5 green dotted line, 〈 x 〉 = 0.73 blue dashed line, 〈 c 〉 = 0.9 purple dotted line) of the mean progress variable
field. The axes are shown in physical units in (a) and normalized with the laminar flame thermal thickness δL in (b), where the streamwise direction
x is shown also normalized with the flame length lF . (c,d) Enlargement of the volumes 1 and 2 in (b) showing the instantaneous and mean flame
surface. Results are shown for the R4 flame.
The reactive, unsteady Navier-Stokes equations are
solved in the low Mach number limit [8]. All trans-
port properties are computed with a mixture-average ap-
proach [9] and a skeletal methane mechanism with 16
species and 72 reactions [10] is employed.
The resolution is such that δL/∆ ∼ 6 and ∆/η < 2
at all times. Cases R1 and R2 were simulated also with
double the spatial resolution (∆ = 10 µm) without any
significant change in the statistics. A discussion of the
resolution requirements and an assessment of the qual-
ity of the solution is discussed by Luca et al. [5].
A two-dimensional cut of the temperature field is
shown in Fig. 1a for flame R4, characterized by the
highest Reynolds number. An instantaneous isosurface
for the value of the progress variable c corresponding to
the peak methane mass fraction consumption rate in a
one-dimensional unstreatched laminar flame is shown in
Fig. 1b. The progress variable is based on the methane
mass fraction c = 1 − (YCH4/YuCH4 ), where Y
u
CH4
is the
mass fraction of methane in the unburnt mixture in-
jected in the central jet.
It is evident that the flame surface is characterized
by wrinkling over a large range of scales and the over-
all flame size, which exceeds 400 laminar flame thick-
nesses in the streamwise direction, is large. Three iso-
contours of the mean progress variable are also shown
to identify the flame brush and its growth in the stream-
wise direction. After a transitional region close to the jet
nozzle, the flame brush grows linearly up to about 80%
of the flame length lF , defined as the position on the
centerline where the mean reaction rate has the maxi-
mum. After this points, a very strong curvature of the
isocontour of the mean field is observed and the flame
brush becomes about one order of magnitude larger than
before. Along its length, the flame can be divided in
three main regions: (i) a flame base region where the
Kelvin-Helmholtz instability [11] develops into turbu-
lence, (ii) a fully developed turbulent flame character-
ized by rather small mean curvature, (iii) a flame tip
region. While the separation between these three re-
gion is clear for the high Reynolds number case shown
in Fig. 1, the flames at lower Reynolds numbers shown
a progressive reduction in the size of the central, fully
developed, turbulent region and for case R1, the tran-
sitional region near the base overlaps with the flame
tip [5, 12].
3. Definition of the turbulent flame speed
Due to the strong spatial inhomogeneity of the flow
and turbulent flame in the streamwise direction x, it
3
is appropriate to define a local turbulent flame speed
which evolves in the streamwise direction. In the
present study, the turbulent flame speed is defined as a
turbulent consumption speed, based on the reaction rate
of the methane mass fraction. First, the streamwise di-
rection is divided in a number of volumesV(x). Each of
these extends along the entire spanwise z and crosswise
direction y. The size of these volumes in the stream-
wise direction is as small as possible, yet guarantees
converged statistics for the area of isosurfaces, which
is needed in the analysis. Two examples of (the 2D pro-
jection of) these volumes are shown in Fig. 1b by the
boxes marked with the numbers 1 and 2. Figures 1c,d
show enlarged views of the two regions, including a
two-dimensional cut of the instantaneous flame surface,
defined as the isosurface of the methane-base progress
variable field. The value of the progress variable c =
c0 = 0.73 is selected as it identifies the flame surface
corresponding to the peak methane consumption in a
one-dimensional unstreatched laminar flame. The area
of the flame surface V defines an instantaneous flame
area A and its ensemble mean is the average flame sur-
face area AT . A two-dimensional projection of a refer-
ence area AC is also shown in Fig. 1(c-d); AC is defined
from an isosurface of the mean progress variable field
using the same value used to define the instantaneous
flame surface.
For volumeV, the turbulent flame speed is defined as
the integral:
S T (x) = −
∫
V ρY˙CH4dv
ρuYCH4,inAC
(1)
where ρ and Y˙CH4 (in units of time inverse) are the local
values of the density and reaction rate of fuel, ρu is the
unburnt gas density, YCH4,in the fuel mass fraction in the
unburnt mixture.
While the integral of the reaction rate is defined eas-
ily for any volume, the reference area AC requires care.
Figure 1 illustrates the way in which the reference area
is defined in the different regions of the flame. For
x/lF ≤ 0.8, the identification of an appropriate reference
area for a given volume does not pose issues since the
mean flame surface is slightly curved. On the contrary,
at the tip, the mean flame surface is oriented in the cross-
wise direction, so that a volume of limited streamwise
size would comprise only a small amount of the instan-
taneous surface. For this reason, a single volume com-
prising the entire flame tip region (see region 2 in Fig. 1)
is considered and one value of the turbulent flame speed
is computed for x/lF ≥ 0.8.
The turbulent flame speed can be related to the area
ratio of the turbulent and mean flame surfaces:
S T
S L
= I0
AT
AC
. (2)
where the coefficient I0 accounts for possible deviations
from the proportionality between the increase of flame
area due to turbulent stirring and the turbulent flame
speed. It is worth noting that the computation of the
coefficient I0 does not require the mean reference area:
I0 =
S T
S L
AC
AT
=
Ω∗
S L
1
AT
(3)
where
Ω∗ = −
∫
V ρY˙CH4dv
ρuYCH4,in
(4)
is a normalized total volumetric burning rate (m3/s) in
the volume V. It is worth noting here that the issue
mentioned above for an appropriate definition of the tur-
bulent flame speed in the flame tip region does not affect
the determination of I0 and the definition of Ω∗, which
may be be computed and analyzed in volumes with a
small extent in the streamwise direction in the tip re-
gion, also.
4. Results
The turbulent flame speed computed with Eq. (1) and
normalized with the laminar flame speed S L is shown in
Fig. 3a for all four flames. The data point at x/lF = 1
reflects the contribution of the entire flame tip region
x > 0.8lF and is marked with a different symbol accord-
ingly.
The flame speed increases significantly in the stream-
wise direction, it reaches a maximum at x = 0.8lF
and then decreases slightly to value at the flame tip.
In addition, the flame speed increases monotonically
across flames at increasing Reynolds number. Fig. 3b
shows the ratio between the ensemble-averaged turbu-
lent flame area AT and the reference area AC . The in-
crease of the burning velocity in the streamwise direc-
tion and with Reynolds number correlates well with the
increase in the area. Consistently, the final drop of the
burning velocity at x > 0.8lF is related to the decrease
of flame area. The streamwise evolution of the flame
area in these flames has been explained in Ref. [5]; the
increase is related to the predominance of the strain
term in the total flame stretch, while for x > 0.8lF ,
the propagative-curvature term overcomes strain caus-
ing the area to decrease.
It is interesting to note that, while clearly correlated,
the turbulent flame speed and the area ratio AT /AC are
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Figure 2: Evolution of the turbulent flame speed (a), ratio of the turbulent and reference flame area (b), and stretch factor I0 = (S T /S L)/(AT /AC)
(c) in the streamwise position x, normalized with the flame length lF , for the four flames at different Reynolds numbers: R1 Re=2800 (red circles),
R2 Re=5600 (blue pentagons), R3 Re=11200 (green squares), R4 Re=22440 (orange triangles). The filled symbol at x/l f = 1 for each flame
corresponds to statistics computed in the large region around the flame tip identified by the box number 2 in Fig. 1.
not proportional. This is more evident in Fig. 3c where
the ratio I0 between the turbulent flame speed and the
area is plotted. As discussed before, the issue regarding
a proper definition of the reference area AC in the flame
tip is not relevant here because I0 is defined as Eq. 3
without computing the reference area. For this reason,
the results for I0 are available up to x = 1.2lF and with
high resolution in the streamwise direction also in the
flame tip region. The analysis of Fig. 3c shows that I0
is always larger than one; indicating an enhancement
that is not explained by the area ratio AT /AC alone. In
addition, the ratio I0 increases in the streamwise direc-
tion and for increasing Reynolds numbers despite the
Karlovitz number remaining nearly constant.
From the definition of the turbulent flame speed,
Eqs. 1 and 4, two phenomena may be responsible for
the departure of I0 from unity: (i) modifications to the
reaction rate Y˙CH4 , (ii) thickening of the inner reaction
layer of the flame. While these two phenomena may be
tightly connected because the reaction rate tends to de-
crease in regions of high curvature, which correlate with
lower gradients and flame thickening, their joint statis-
tics are not trivial and more analysis is required.
Fig. 3 shows the joint probability density function
(JPDF) of the progress variable c and methane reac-
tion rate Y˙CH4 . Also shown is a comparison with a
flamelet obtained in a one-dimensional freely propa-
gating unstretched laminar flame. First, it is observed
that the scatter introduced by turbulence is rather lim-
ited. The JPDF decreases rapidly moving away from
the most probable value at each progress variable. This
is highlighted in the inset of the same figure, show-
ing the pdf of the methane reaction rate conditioned on
c = 0.73, where the peak reaction is located. Again,
the pdf is rather narrow with probability of deviation
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Figure 3: Joint probability density function of the progress variable c
and the reaction rate of methane in flame R4 characterized by the high-
est Reynolds number. The white dashed line is the methane reaction
rate in a one-dimensional laminar flame (flamelet) at the same con-
dition of the turbulent DNS. The inset shows the probability density
function of the reaction rate conditioned on the progress variable be-
ing c = 0.73, corresponding to the value where the conditional mean
reaction rate peaks.
of ±20% from the most probable value being less then
10% of the maximum probability. The comparison with
the laminar flamelet highlights that the highly probable
values in the DNS at each progress variable practically
matches the flamelet solution. This analysis suggests
that the variation of Y˙CH4 is likely to play only a minor
role. This is verified in Fig. 4, where the quantity Ω∗
(Eq. (4)), is compared with the value obtained comput-
ing the integral in Eq. 4 with the flamelet reaction rate
(white dashed line in Fig. 3) in place of the actual DNS
value Y˙CH4 . The comparison shows that the effect of tur-
bulence on Y˙CH4 has a negligible impact on the overall
fuel consumption rate and therefore a negligible effect
on the turbulent flame speed. The value computed with
the flamelet reaction rate is slightly larger than that com-
puted from the actual DNS; therefore, if any, the effect
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tained from DNS data and using a flamelet model for the local reaction
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of turbulence induces I0 to drop below unity, as it is usu-
ally observed in very high Karlovitz flames [13, 14].
From the discussion above, the value of I0 > 1 must
be related to a thickening of the reaction layer of the
flame that is not associated with a decrease of the re-
action rate on average. In order to quantify this effect,
we consider a region of the flow, e.g., one of the vol-
ume used for the turbulent flame speed in Fig. 1, and
compute the volume of fluid between the flame surface,
identified by c = c0 = 0.73, and a second isosurface c =
ck; then, the volume of fluid is normalized by the area of
the flame surface to obtain a measure Ψ of the distance
between the flame and the isosurface c = ck. In par-
ticular, Ψ = 1/AT
∫
VH(c0 − c(x, t))H(c(x, t)− ck)dv for
ck < c0 and Ψ = 1/AT
∫
VH(c(x, t)−c0)H(ck−c(x, t))dv
for ck > c0, where H is the Heaviside function. val-
ues of Ψ are shown in Fig. 5 for the flames R2 and R4.
The same analysis is shown also for a 1D planar lami-
nar flame, taken to represent the baseline in the absence
of thicknening induced by turbulence. The figure shows
that significant thickening for R2 and R4 in the inner
layer of the flame (0.5 < ck < 0.8), in addition to the
well-documented thickening of the preheat region ob-
served in the range of Karlovitz numbers characteris-
tic of the present flames. Even more interesting is the
observation that the thickening increases with Reynolds
number. In particular, the inset shows that the ratio be-
tween the thickness observed in the R4 (Re=22400) and
R2 (Re=5600) flames significantly above one, albeit not
very large.
The visualization of the progress variable field in
Fig. 6 shows a region, marked by the black box, where
a significant thickening of the reaction layer is present.
It is worth noting that the thickened region has a size of
the order of the integral scale. Other thickened regions
are also evident and have a similarly large size. This ob-
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servation suggests that the thickening events are related
to relatively large and intermittent turbulent structures
which contain enough energy to modify the inner flame
thickness while not affecting the reaction rate signifi-
cantly. Since the average size of the largest turbulence
structure (l) increases with Re at constant Ka, these re-
gions characterized by thickening get larger and thicker
for higher Re, consistently with the increase of the nor-
malized volume Ψ shown in Fig. 5.
All flames in the present study are characterized by
similar turbulence intensity u′ ≈ 10S L and similar
Karlovitz number Ka = 20, so the only parameter re-
sponsible for the Reynolds number variation across sim-
ulation is the integral scale of turbulence l, which is var-
ied by changing the jet width H. A direct analysis of
the effect of the integral scale is shown in Fig. 7. The
turbulent flame speed S T /S L, area ratio AT /AC , and the
factor I0 are plotted versus the local integral scale for
all available streamwise locations and flames. The in-
tegral scale is defined for each streamwise location at
the crosswise position where 〈 c 〉 = 0.73. As expected,
the flame speed and area ratio grow with the integral
scale [15]. In an attempt to assess a scaling law, sev-
eral curve fits for the flame speed and area ratio with
respect to l are included in the figure. It is observed
that for relatively small integral scales, up to a value of l
corresponding to about 6 laminar flame thicknesses, the
flame speed and area ratio increases exponentially. For
larger values of l, a power-law fitting is more appropri-
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Figure 6: Visualization of the progress variable field in the y− z plane
at x = 0.6lF for the highest Reynolds number flame (R4). The isocon-
tours of the three value of progress variable corresponding to the flame
surface, i.e., maximum reaction rate, (c = 0.73, red) and to about 20%
of the peak reaction rate on each side of the flame (c = 0.5, blue and
c = 0.8, black) are plotted. The box marks a region, of size 3l, where
significant thickening of the reaction layer is observed.
ate with a scaling of l1 and l0.8 for the flame speed and
area ratio, respectively. Given the power-law scaling l1
and l0.8 for large l, the factor I0 should scale as l0.2. This
scaling is also reported in the figure. While some un-
certainty in the scaling exponents of the power-law for
the flame speed, area ratio, and I0 is evident, the obser-
vation that the increase of I0 with the integral scale, or
equivalently, that the inner flame layer becomes thicker
for larger values of the integral scale, appear to be con-
clusive.
The conclusion that the factor I0 and the thickening of
the inner layer increase with Reynolds number at nearly
constant Karlovitz is a significant result. It points to the
possibility that, contrary to the classical theory describ-
ing the effects of the two main parameters of the Borghi-
Peters diagram (l and u′ or Re and Ka), an increase of
l or Re at constant u′ or Ka might cause variations in
I0 and thickening of the inner layer, which are usually
ascribed solely to variations in u′ and Ka. This result
is, to a certain extent, consistent with the recent work
of Driscoll et al. [4] who reported a new measured dia-
gram of combustion in which a regime characterized by
a broadened preheat layer appears increasing the inte-
gral scale l at constant turbulent intensity u′.
Based on the data and discussions above, we spec-
ulate that the transition from the thin reaction zone
regime to distributed burning, in which turbulence alters
transport in the inner layer, might occur at lower values
of Ka for high Re (large integral scales) compared to
the value of Ka needed to observe distributed burning at
low Re (small integral scale). In other words, the transi-
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tion may depend on both Ka and Re. Direct verification
of this conjecture would require additional simulations
at different values of Ka for each Re considered in the
present flame set.
5. Conclusions
The data from four DNS of turbulent premixed slot jet
flames up to Re = 22000 show that the turbulent flame
speed, evaluated at each streamwise position, increases
with the distance from the nozzle and with the Reynolds
number of the flame. This is not entirely due to the in-
crease of the flame area since a significant thickening
of the inner reaction layer, associated with negligible
changes of the reaction rates, also contributes to the en-
hancement of the turbulent flame speed. It is concluded
that, even if the flame are characterized by a constant
Karlovitz number, an higher Reynolds number, and cor-
respondingly larger turbulence integral scale, enhances
the effect of turbulence inside the inner flame layer.
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